ABSTRACT The Community-Acquired Pneumonia Immunization Trial in Adults (CAPiTA) demonstrated the efficacy of 13-valent pneumococcal conjugate vaccine (PCV13) in preventing vaccinetype community-acquired pneumonia and vaccine-type invasive pneumococcal disease in elderly subjects. We examined the cost-effectiveness of PCV13 vaccination in the Netherlands.
Introduction
Streptococcus pneumoniae is a major cause of morbidity and mortality, with the highest rates of infection in infants, individuals with immunocompromised conditions and the elderly [1] . In many countries the 23-valent pneumococcal polysaccharide vaccine (PPV23) has been recommended for persons at high risk of pneumococcal infection, including the elderly [2] . Although recent systematic reviews and meta-analyses report protection against invasive pneumococcal disease (IPD) [2, 3] , the duration of protection is limited [4, 5] , and there is no convincing evidence that PPV23 prevents noninvasive pneumococcal community-acquired pneumonia (CAP) [3, 6] .
Conjugated pneumococcal vaccines are effective in the prevention of IPD and CAP caused by pneumococcal vaccine-serotypes (VT) in children and elderly subjects aged ⩾65 years [7, 8] , and prevent VT-IPD in adults with HIV [9] . Yet the cost-effectiveness of universal vaccination with the 13-valent pneumococcal conjugate vaccine (PCV13) in older adults is unknown.
Previous cost-effectiveness analyses of PCV13 suggested that vaccinating elderly and individuals with certain comorbidities might be cost-effective, but the findings were very sensitive for the assumed vaccine efficacy (VE) and other assumptions which relied on heterogenous data sources and VE estimates from expert opinions (e.g. [10] [11] [12] [13] [14] [15] [16] ). Using results from the Community Acquired Pneumonia Immunization Trial in Adults (CAPiTA) and several other epidemiological studies that were performed in parallel in the Netherlands [17] [18] [19] [20] , cost-effectiveness of PCV13 vaccination of elderly and risk groups was estimated.
Methods

Model and population
A probabilistic Markov-type model [12] built using Microsoft Excel (2010; Redmond, WA, USA) with a 1-year cycle length (see online supplementary fig. S1) was used describing the Dutch adult population from 2012 [21] in five age cohorts (18-49, 50-64, 65-74, 75-84 and ⩾85 years). Each cohort is followed until death or the age of 100 years. During follow-up, subjects can transition from low-to medium-to high-risk groups (only in one direction). Similar to previous cost-effectiveness analyses, three risk groups for pneumococcal diseases were defined [1, 11, 16] : 1) those at high risk, including individuals with an immunocompromising condition; 2) those at medium risk, including immunocompetent patients with chronic medical conditions; and 3) those at low risk, i.e. the remainder of the population (online supplementary table S1). Proportions of subjects in each risk group were based on the prevalence of clinical risk factors from electronic medical records in a large network of general practitioners (GPs) in the Netherlands (for details see section 2 of the online supplementary material).
Base-case disease risk
Age-and risk-group specific incidences of IPD were derived from recent IPD surveillance data ( June 1, 2012 to May 31, 2014) from nine Dutch sentinel microbiology laboratories covering 25% of the Dutch population. Estimates of the prevalence of comorbidities and of outcome (mortality) among individuals with IPD in the three risk groups was based on retrospective data collection, using data from 2006 to 2010 (online supplementary material, section 3.8). Based on these data, the age-and risk-group specific incidence and case fatality rates (CFRs) of IPD were estimated [22] .
The incidence rate of patients hospitalised with non-IPD CAP ("inpatient CAP"), stratified by age-and risk-groups, was based on incidence of radiography-confirmed CAP admissions in the CAP-START (Study on the Initial Treatment with Antibiotics of Lower Respiratory Tract Infections) trial [18] , with adjustment for coverage (i.e. proportion of International Classification of Diseases, 9th revision codes 480-486 in the CAP-START hospitals compared to the total Dutch population, using Dutch hospital data) (sections 3.2 and 3.4 of the online supplementary material). Age-and risk-group stratified CFRs of inpatient CAP were obtained from the CAPiTA and CAP-START trials [18] (sections 3.2 and 3.5 of the online supplementary material).
Age-and risk-specific incidence rates of CAP in primary care ("outpatient CAP") were based on the 2012 data from the Julius GP Network [19] (International Classification of Primary Care code R81) (section 3.7 of the online supplementary material). Incidence rates were multiplied by 0.57 to adjust for the proportion not confirmed using radiography [23] . We assumed no excess mortality risk associated with outpatient CAP [24] . To avoid double counting of costs and quality-adjusted life-years (QALY) losses, incidences of inpatient CAP and IPD were subtracted from incidence rates of outpatient CAP, assuming that all inpatients first consulted their GP.
The IPD surveillance data were also used to estimate the age-specific serotype distribution of IPD. Proportions of inpatient CAP attributable to vaccine serotypes in the placebo arm (10%) were based on those episodes identified by the serotype-specific urinary antigen detection assay used in CAPiTA, without evidence of IPD. In the absence of information, similar proportions were assumed for outpatient CAP episodes.
Vaccine efficacy VE of PCV13 for IPD and inpatient CAP in subjects in medium-and low-risk groups was based on CAPiTA [8] . In the absence of information, similar VE was assumed for outpatient CAP. The impact of age at vaccination on the VE was based on CAPiTA [25] (section 3.1 of the online supplementary material).
For subjects in the high-risk group, PCV13 VE against VT-IPD and CAP (both inpatient and outpatient) was assumed to be 22% and 35% lower, respectively, than corresponding values for the low-/medium-risk populations, based on the relative difference in VE observed in pneumococcal vaccination of children with and without HIV [26] .
VE was considered stable during the first 5 years following vaccination [8] , and thereafter assumed to wane annually at a rate of 5% during years 6-10, 10% annually during years 11-15, and no efficacy was assumed from year 16 onwards. Based on CAPiTA, PCV13 vaccination was assumed not to have serious adverse effects [8] .
Vaccination strategy
In the base-case scenario, the vaccination of adults aged 65-74 years with a single dose of PCV13 administered at the start of the modelling period was compared to no vaccination, consistent with the absence of universal PPV23 vaccination of the elderly in the Netherlands [27] .
Vaccine coverage was assumed to be 63.9% and 81.5% in low-and medium-/high-risk subjects, respectively, similar to Dutch influenza vaccination coverage among those aged ⩾65 years in 2012 [28] .
Indirect effects PCV7 vaccination of infants was introduced in the Netherlands in 2006 and replaced by PCV10 in 2011. Incidence of IPD due to PCV7 serotypes has gradually declined in adults of all age groups since 2007, and incidence of IPD due to nonvaccine serotypes increased, especially with serotypes 19A, 7F, and 3 [22, 29] . There were no determinable indirect effects (herd protection and serotype replacement) of PCV10 vaccination in the Netherlands up to 2013 [30] . Even if PCV10 induced herd effects, serotype-replacement disease caused by 19A, 6A, and 3 could result in no net change in the preventable burden of disease of disease due to serotypes included in PCV13. Therefore, no net indirect effects of infant PCV10 vaccination was assumed for adults in the base-case, while net indirect effects for PCV7 serotypes in the seventh year after implementation were reflected in the incidence data used.
Quality-adjusted life-years Age-and risk-group specific life expectancies were extrapolated from a previous study from the UK [11] . The QALYs lost due to premature death were calculated by multiplying the lost life-years with corresponding age-specific Dutch general population utilities [31] .
Quality-of-life loss due to nonfatal inpatient CAP was derived from a case-control study nested within CAPiTA [17] (section 3.3 of the online supplementary material), using self-reported EuroQol five-dimensional (EQ-5D-3L) measurements and the Dutch EQ-5D tariff [32] . Utility loss attributable to outpatient CAP episodes was based on EQ-5D-measurements provided by the Dutch participants in an international study [20] , using the Dutch EQ-5D tariff [32] (section 3.6 of the online supplementary material).
Cost estimates
The total cost per administered dose of PCV13 was €79.19, consisting of the vaccine list price (€68.56) [33] and administration costs of €10.63 [34] . Administration costs were assumed to be similar to annual influenza vaccination and included GP costs, administration and storage of vaccines [34] .
Direct healthcare and non-healthcare costs were considered to start at symptom onset or first contact with the healthcare system up to a maximum 28 days or until recovery for outpatient CAP, and up to 1 month post-discharge for IPD and inpatient CAP survivors. For patients aged <65 years, indirect non-healthcare costs ( productivity losses due to work absence from paid work) were assumed to be equal to the length of hospitalisation for nonfatal cases and 160 days (i.e. maximum friction period) for deceased cases, according to Dutch guidelines [35] . Productivity losses were based on average working hours per week and taking into account that not everybody in this age-group is working, according to Statistics Netherlands [36] . For hospitalised subjects aged ⩾65 years we considered productivity losses due to work absence from unpaid work of both patients and their caregivers (section 4 of the online supplementary material).
Costs were estimated by multiplying resources used, as extracted from different studies with their corresponding unit cost prices (online supplementary tables S3-S4). All costs are expressed in 2012 Euros (2012 US$=€0.78) [37] .
Cost-effectiveness analysis
The model estimated incidences of IPD, inpatient CAP, outpatient CAP, deaths, costs, life years and QALYs for scenarios with and without PCV13 vaccination. Table 1 provides an overview of the general parameters used in the model, and more details are included in online supplementary tables S5-S13 and figure S2.
Net costs, life years and QALYs gained were calculated by summing all costs, life years, and QALYs over the entire remaining lifetime of the cohort. For each scenario, 5000 model simulations were conducted using Monte Carlo sampling, accounting for the uncertainty of the model parameters (table 1) .
The incremental cost-effectiveness ratio (ICER) was calculated by dividing the net cost differences between two vaccination strategies by either the life years gained (LYG) or QALYs gained. In the base-case, ICERs are reported from the societal perspective (i.e. including direct healthcare costs and non-healthcare costs) with costs discounted by 4% and health benefits by 1.5% according to Dutch guidelines [35] . In 2012, the Dutch gross domestic product (GDP) per capita was €35 300 [39] . A strategy is considered highly cost-effective if ICER is <1×GDP per capita and cost-effective if ICER is <3×GDP per capita [40] .
Sensitivity and scenario analyses
Univariate sensitivity analyses were conducted increasing/decreasing each input parameter separately by 25%, keeping other parameters constant to identify critical parameters driving results. In addition, some multiway sensitivity analyses were performed. Furthermore, the impact of assumptions of VE in high-risk individuals, vaccination coverage and different discount rates on the ICER were analysed in scenario analyses (online supplementary table S14). Additionally, the impact of herd protection on the ICER was explored by decreasing the proportion of PCV13 serotypes for IPD and CAP with 0% (base-case) up to 90%, with herd effects remaining stable from year 1 onwards.
We also estimated the cost-effectiveness of PCV13 vaccination of individuals aged 18-49, 18-64 and ⩾50 years as age-cohorts and considering medium-and high-risk groups only (online supplementary table S15).
Results
Effectiveness and cost-effectiveness
In the base-case scenario PCV13 vaccination would cost €85.3 million, and would prevent, on average 9850 episodes of outpatient CAP, 1850 episodes of inpatient CAP, 2050 episodes of IPD and 630 deaths during the lifetime of the cohort. This corresponds to a total gain of 5500 LYG and 4850 QALYs (discounted). As a result, PCV13 vaccination would be associated with savings of ∼€43.2 million, resulting in net cost for society of €42.1 million (for more details on scenarios with and without vaccination see online supplementary table S16). The base-case ICER was €8650 per QALY (95% CI 5750-17 100) gained or €7650 per LYG (95% CI 5300-12 450).
All vaccination strategies, except PCV13 vaccination of only low-risk patients aged 65-74 years, resulted in an ICER of <1×GDP in 100% of the simulations ( fig. 1 ), implying that PCV13 vaccination is highly cost-effective.
Sensitivity analyses
The ICER was most sensitive to vaccine price, duration of VE, assumed VE in high-risk individuals, VE against IPD and CFR ( fig. 2, and online supplementary table S17 ). Yet, ICERs can be considered as cost-effective in all univariate sensitivity analyses and in the considered multiway sensitivity analyses.
PCV13 vaccination of adults aged 65-74 years (i.e. base-case) would remain cost-effective even if herd effects decreased the proportion of VT-CAP and VT-IPD by 60% ( fig. 3) . If vaccination costs reduced by 50% at the same time, the base-case scenario would remain cost-effective if all VT-disease were reduced by 80%. When assuming only herd protection for VT-IPD, even higher reductions in incidence would remain cost-effective. Figure 4 depicts QALYs gained and costs for all vaccination strategies. PCV13 vaccination of high-risk individuals aged 65-74 years was cost-saving ( point B). The next best alternative, gaining more QALYs at the lowest incremental costs, would be PCV13 vaccination of medium-risk persons aged 65-74 years [22] ; ## : VE in the high-risk group is assumed to be 78% of corresponding values for the immunocompetent group, based on KLUGMAN et al. [26] ; ¶ ¶ : VE in the high-risk group is assumed to be 65% of corresponding values for the immunocompetent group, based on KLUGMAN et al. [26] ; ++ : PERT distribution is a four-parameter β distribution, which makes the assumption that the mean = ((minimum + 4 × most likely + maximum) / 6). The four parameters are determined from three input values: minimum, most likely and maximum [38] .
Vaccination strategies
( point D). Vaccinating at-risk (i.e. combination of medium and high risk) adults aged ⩾18 years ( point I) and vaccinating adults aged ⩾50 years combined with those at risk aged 18-49 years ( point L) would be the next best alternatives. Strategies B, D and I have a 99.9% probability of being cost-effective at a societal willingness-to-pay of €10 000 per QALY. 50 000 Probability of cost-effectiveness % FIGURE 1 Probability of cost-effectiveness at different thresholds of willingness-to-pay for base-case and all simulated vaccination strategies using a societal perspective. Each line represents the cumulative percentage of the 5000 runs at threshold i. All costs are in 2012 Euros; in 2012 US$1=€0.78 [37] . The gross domestic product (GDP) per capita in the Netherlands in 2012 was €35 300 [36] . A strategy is considered highly cost-effective if the incremental cost-effectiveness ratio (ICER) is <1×GDP and cost-effective if ICER is <3×GDP. At risk: medium-and high risk combined. QALY: quality-adjusted life-year. 30 000 --25% (including VE)/+25% (waning) VE=0% after 5 years -100% (i.e. VE=0%) -50% +25% -25% -25% -50% 4% +25% -25% -25% -25% -25% -25% -25% -25% +25% -SD # -100% (i.e. VE=0%) only DHC -25% +25% +25% 2% -25% +25% +25% +25% +25% +25% +25% +25% -25% FIGURE 2 One-way sensitivity analyses, multiway sensitivity analyses and scenario analyses depicted in a tornado diagram. The x-axis shows the effect of changes in selected variables on the incremental cost-effectiveness ratio (ICER) (€ per quality-adjusted life-year (QALY)) for the base-case taking a societal perspective. The y-axis shows the model parameter that was varied. The bars indicate the change in the ICER caused by changes in the value of the indicated variable holding all other parameters similar. All costs are in 2012 Euros; in 2012 US$1=€0.78 [37] . Only results for parameters leading to an increase/decrease of >5% of the base-case ICER are presented here. More details and results can be found in online supplementary tables S14 and S17, respectively. SA: sensitivity analysis; VE: vaccine efficacy; IPD: invasive pneumococcal disease; CAP: community-acquired pneumonia; DHC: direct healthcare costs; CFR: case fatality rate. 
Discussion
This economic evaluation, using data from recent experimental and observational studies, demonstrates that PCV13 vaccination of individuals aged 65-74 years in the Netherlands can be considered highly cost-effective, with an ICER of €8650 per QALY. This outcome was mainly driven by the favourable ICERs in high-(cost-saving) and medium-risk groups (€2874 per QALY).
Results were most sensitive to total costs of vaccination, waning immunity, CFR, VE for IPD and inpatient CAP and VE in high-risk individuals. However, the strength of the current study includes the availability of rigorously determined estimates of VE for both inpatient CAP and IPD from CAPiTA, and of QALYs lost after infection, healthcare and non-healthcare costs, and epidemiological data stratified by age-and risk-group from various recent Dutch studies [17] [18] [19] [20] . This contrasts with earlier cost-effectiveness analyses [10] [11] [12] [13] [14] [15] [16] that used more heterogenous data sources and relied on VE estimates from expert opinion, resulting in a considerable within-and between-study variability with regard to cost-effectiveness [41] .
Nevertheless, assumptions were still needed for VE in immunocompromised patients, as these individuals were not included in CAPiTA. Lower VE was assumed, based on the relative difference in VE between HIV-infected and uninfected children [26] . An assumption of no VE in immucompromised individuals would yield an ICER of €16 000 per QALY. However, total absence of VE in immunocompromised individuals is unlikely, as VE of two doses of PCV7 was 74% (95% CI 30-90) in preventing VT-IPD in HIV-positive adults [9] .
Although the VE in the CAPiTA study remained stable over an average follow-up period of almost 4 years, assumptions regarding the waning profile thereafter had to be made. Despite this uncertainty, vaccination remained highly cost-effective in a scenario analysis where the duration of protection completely disappeared after 5 years.
Age-specific VE estimates were based on a post hoc analysis of CAPiTA demonstrating a decreasing VE with increasing age [25] . However, if increasing age did not affect VE, our findings would represent underestimates of cost-effectiveness for elderly and overestimates of cost-effectiveness in younger adults.
The VE for outpatient CAP was assumed to be similar to the VE observed for inpatient CAP in the CAPiTA study. A sensitivity analysis, assuming zero VE for outpatient CAP, hardly changed the ICER (from €8650 to €8900 per QALY).
Conservatively, we included the official Dutch list price of PCV13, but vaccination costs usually reduce when implemented as a national immunisation programme and/or if administered concomitantly with annual influenza vaccination. Finally, the life years lost due to premature death might have been overestimated, as hospitalised patients with CAP have a decreased long-term survival compared to the general population, and an unknown part of all 30-day mortality is attributable to comorbidities rather than to the CAP episode [42] . The use of age-and risk-group specific mortality rates partly adjusted for this. In addition, sensitivity analysis exploring 50% reduction of 30-day CFR demonstrated that PCV13 vaccination remained highly cost-effective (i.e. €15 750 per QALY).
Some model parameters were specific for the Netherlands, and may differ elsewhere. For instance, some countries, such as the USA, implemented an infant paediatric PCV13 vaccination programme, while in the Netherlands PCV10 was implemented. In the USA, PCV13 reduced IPD across all age groups including the elderly [43] , while to date such effects have not been reported for the countries that implemented PCV10. During the recruitment and follow-up of CAPiTA (2008) (2009) (2010) (2011) (2012) (2013) , the proportion of PCV13 serotypes among elderly IPD episodes in the Netherlands decreased from 68% to 43%, presumably due to indirect effects from PCV7 infant vaccination; however, the impact of paediatric vaccination on adult inpatient VT-CAP is unknown. In our base-case scenario 43% and 10% of IPD and CAP episodes, respectively, were caused by PCV13 serotypes.
The high uptake of annual influenza vaccination in the Netherlands [28] may reduce the opportunity for PCV13 vaccination benefits compared to other countries. Finally, the absence of vaccination of elderly people with PPV23 and the use of PCV10 rather than PCV13 in the paediatric programme may limit the extrapolation of our findings to other countries. Naturally, the implementation of PCV13 in the Dutch infant programme would warrant an update of the current analyses as indirect effects might reduce the Cost-effectiveness frontier: incremental cost-effectiveness ratios for various vaccination strategies. Points A, B and C are all compared to no vaccination to determine the risk group for which vaccination is the most cost-effective and the starting point for further comparison. Incremental cost-effectiveness ratio (ICER) refers to a ratio of incremental cost to incremental quality-adjusted life-year (QALY) when comparing a vaccination strategy to its next most effective alternative. Strategies lying on the curve (i.e. frontier) are more cost-effective than those lying above the curve. The latter strategies are dominated because they yield fewer QALYs at higher cost, or because the dominant strategy yields lower cost per QALY. All costs are in 2012 Euros (US$1=€0.78). GDP: gross domestic product.
benefits of direct vaccination. However, in our sensitivity analyses PCV13 vaccination of the elderly remained cost-effective, even with an 80% reduction in the incidence of vaccine-type infections.
